Mechanical stress on the cartilage and metabolic and/or hormonal influences have been suggested as possible etiologic factors for osteoarthritis. This paper reports findings from data collected in 1992 that were used to examine associations between osteoarthritis and risk factors in 573 Caucasian women aged 24-45 years from the Michigan Bone Health Study. Radiographs of the dominant hand and both knees were evaluated using the Kellgren and Lawrence grading scale. The prevalence of osteoarthritis (grade 2 or higher) in this population was 2.8% for hands and 3.6% for knees. Using polytomous multiple logistic regression, the authors found older age, increasing bone mineral density, and decreasing testosterone levels to be significantly associated with increasing hand scores. Older age and hand injury were significantly associated with grades of 2 or higher. Increasing osteoarthritis knee scores were associated with older age, increasing bone density, increasing body mass index, and current use of hormone replacement therapy. A knee grade of 2 or higher was associated with increasing estradiol levels, knee injury, and higher blood pressure. This study indicates that age, bone density, and injury are risk factors common to the development of hand and knee osteoarthritis in this non-elderly female population. Am J Epidemiol 1996; 143:38-47. bone density; estrogens; hand; knee; osteoarthritis; premenopause; testosterone; women Osteoarthritis is a major chronic disease estimated to afflict one in 10 people at age 50 years and one in two people at age 75 (1). In studies of the etiology of osteoarthritis, evidence has suggested both a mechanical stress hypothesis (wear-and-tear of cartilage by mechanical stress) and a metabolic and/or hormonal hypothesis, because cartilage is an estrogen-sensitive tissue (2, 3). Radin et al. (4) have postulated that people with increased subchondral bone density may be at greater risk for osteoarthritis than people with less subchondral bone density, because of the "stiffer" bone's transmitting mechanical stress to the joints and subsequently damaging the articular cartilage. Subchondral bone that is less stiff will deform under loads and will help to absorb the mechanical energy before that energy is transferred to the articular cartilage. This suggests that individuals with greater premenopausal Received for publication September 26, 1994, and in final form October 11, 1995.
Osteoarthritis is a major chronic disease estimated to afflict one in 10 people at age 50 years and one in two people at age 75 (1) . In studies of the etiology of osteoarthritis, evidence has suggested both a mechanical stress hypothesis (wear-and-tear of cartilage by mechanical stress) and a metabolic and/or hormonal hypothesis, because cartilage is an estrogen-sensitive tissue (2, 3) . Radin et al. (4) have postulated that people with increased subchondral bone density may be at greater risk for osteoarthritis than people with less subchondral bone density, because of the "stiffer" bone's transmitting mechanical stress to the joints and subsequently damaging the articular cartilage. Subchondral bone that is less stiff will deform under loads and will help to absorb the mechanical energy before that energy is transferred to the articular cartilage. This suggests that individuals with greater premenopausal bone density (functioning as a marker for "stiffer bone") may exhibit earlier evidence of osteoarthritis.
In a longitudinal study, we previously found that pre-and perimenopausal women who were free of osteoarthritis at baseline and subsequently developed osteoarthritis had greater baseline bone density (as measured by cortical area from radiographic films of the metacarpal joints) 23 years prior to the assessment of osteoarthritis (5) . Interestingly, those women also appeared to lose more bone density over the time interval studied than women who did not develop osteoarthritis. That study, while having longitudinal measurements, was restricted to the hand and did not include information about injury or hormone status which might confound any observations.
We are currently conducting a longitudinal study to ascertain whether pre-and perimenopausal women with increased bone mineral density (BMD) have increased risk for developing osteoarthritis of either the knees or the hands after consideration of the possible confounding effects of age, body weight and composition, and reproductive hormone levels. The baseline population to be followed includes 573 pre-and perimenopausal women aged 24-45 years. This paper focuses on this baseline population to describe 1) the prevalence of radiographic changes of hand and knee osteoarthritis and 2) the cross-sectional associations of BMD and sex hormone levels with osteoarthritis in a population of non-elderly women.
MATERIALS AND METHODS Study population
The study population for this paper consisted of 573 Caucasian women from the Michigan Bone Health Study (Tecumseh, Michigan). That study was organized in 1988 by one of the authors (M. S.) to determine the factors contributing to peak bone mass. At the time of initial study, 542 premenopausal women aged 20-40 years were recruited for participation. This population has been previously described (6) . In 1992, an additional 122 women aged 35-45 years were enrolled in the Michigan Bone Health Study, resulting in 664 women being eligible for participation in a study of premenopausal musculoskeletal characteristics.
Of the 664 women who were eligible for participation in 1992, 47 refused, 19 were pregnant and not measured, 5 had severe health conditions that precluded participation, and 10 had moved from the area. Additionally, there were 10 women for whom radiographic services were not available at the time of bone density measurement.
Measurements
Women were scheduled for clinical evaluation during the early follicular phase of the menstrual cycle (days 3-7). Prior to these evaluations, they completed a self-administered health and behavior questionnaire in their homes which asked about smoking habits, alcohol consumption, reproductive status, and physical activity. At the time of their clinic appointment, participants answered a questionnaire about use of prescription medications and history of hand and knee injury. Anterior-posterior radiographs were taken of the dominant hand and both knees, the latter while the participant was in a weight-bearing position. Films were taken by a trained and experienced technician using General Electric radiographic equipment (model X-GE MPX-80; Medical Systems Division, General Electric Company, Milwaukee, Wisconsin) and Kodak film (X-DA with Kodak rare earth intensifying screens; Eastman Kodak, Rochester, New York). The source film distance was 40 inches (1 m), and standard radiographic techniques were used.
Sixteen joints of the hand (distal interphalangeal, proximal interphalangeal, metacarpal-phalangeal, interphalangeal joint of the thumb, first carpal-metacarpal, and wrist) and both knee joints (weight-bearing) were evaluated by two of the authors (J. C, M. H.) for evidence of radiographic change of osteoarthritis as characterized by the Kellgren and Lawrence grading system (7). Each joint was classified according to the five-level scale and was labeled as 0) normal, 1) doubtful osteoarthritis, 2) minimal osteoarthritis, 3) moderate osteoarthritis, or 4) severe osteoarthritis. Apart from the Kellgren and Lawrence criteria, joints were also classified as "unable to evaluate," "missing," or "having signs consistent with rheumatoid arthritis."
Standardization of film-reading addressed two issues: consistency between the two readers and consistency with readings from a previous study of osteoarthritis in an older population from Tecumseh (8) . Standardization of joint grading and evaluation of consistency in grading between evaluators followed a multistep process. Although each reader was experienced, the readers first reviewed the Kellgren and Lawrence grading criteria for each joint. Then, 25 representative films from the 1985 Tecumseh Community Health Study (which also used the Kellgren and Lawrence criteria) were graded independently by each observer. Values were compared between the two observers, as well as with those assigned in 1985.
In preparation for reading the films of the premenopausal women, each observer independently read 50 radiographs of knees and 50 radiographs of hands, and results were compared. There was consensus grading of any joints for which there was not perfect correspondence between the two readings. Upon completion of the standardization procedures, both observers independently read and classified each joint, entering the grade for each joint into a specifically designed computer program which allowed rapid testing for congruence between observers. Upon completion of the readings, values from each observer for each joint were compared. Any joint films for which there was not perfect correspondence were again reread by both observers, and a value was achieved by consensus. There were 9,732 joints with perfect concordance and 580 joints which required consensus reading.
Bone density for women was measured at three sites (proximal femur, lumbar spine, and total body) using a dual energy x-ray absorptiometer (DEXA) (Lunar Corporation, Madison, Wisconsin). Body composition, measured in kilograms of fat tissue and kilograms of lean tissue, was available as a component of the measurement of total-body calcium. The DEXA instrumentation uses a constant potential (a 76-kV(p) x-ray tube with K-edge filtration (350 mg/cm 2 )) with effective beam energies at 38 keV and 70 keV. Scanning speed was selected for the anterior-posterior abdominal thickness of the woman being evaluated.
A blood sample was collected by venipuncture, and blood was allowed to clot for 20 minutes at room temperature before being centrifuged (10 minutes at 2,000 rpm) to separate the serum. All samples were collected on days 3-7 of the menstrual cycle for women who were still menstruating. The serum was frozen at -80°C until analysis was completed. The serum was analyzed for reproductive hormones in the Assays and Reagents Laboratory of the Reproductive Sciences Program at the University of Michigan. Estradiol was detected by means of an enzyme-linked immunosorbent assay (ELISA) based on the ELISA/ competition principle using streptavidin technology. The detection limit was 0.13 pg/ml, and precision was ±7.6 percent. Testosterone detection was conducted by solid-phase radioimmunoassay using hdrmonespecific antibody with a detection limit of 0.04 ng/ml and precision of ±15.5 percent. The coefficient of variation, which reflects biologic variability as well as measurement variation, was evaluated using data from 65 women over three points in time within the early follicular phase. The coefficients of variation were 11 percent and 63 percent for estradiol and testosterone, respectively.
Smoking behavior was measured as number of cigarettes smoked daily. The participants were classified by their self-reported alcohol consumption into three groups: nondrinkers {n -123); women currently drinking <90 g (about six drinks) of alcohol per week (n = 401); and women currently drinking &90 g of alcohol per week (n = 48). Supine blood pressure readings were taken by a technician using a standard mercury manometer. Data from two consecutive readings of systolic and diastolic (fourth and fifth Korotkoff sounds) blood pressure were recorded, and their average was used in analysis. The women were grouped into a higher blood pressure category if their systolic pressure was in the upper quartile of the population systolic blood pressure (>124 mrnHg) or if they reported on the home questionnaire that they had been diagnosed with high blood pressure. Women who were not in the upper quartile of blood pressure and had not been diagnosed with high blood pressure were used as a reference group.
The reproductive status of each woman was identified using information from her health questionnaire. Two indicator variables were used to group women as follows: menstruating women who were not currently on hormone therapy (n -503); women who had hot menstruated in the previous 12 months and who were not taking hormones orally, including those who had undergone hysterectomy or oophorectomy (n = 7); and finally, women on hormone therapy, including those who had had a hysterectomy or oophorectomy (n = 62).
Recalled levels of physical activity during the previous week, the previous July, and the previous December were recorded and averaged, and an algorithm modeled on the Stanford Five-City Study instrument (9) was used to indicate average weekly activity. The values were expressed in metabolic units (METs), with 1 MET being defined as the energy consumed per minute of sitting at rest. Physical activity was categorized on the basis of quartiles. At the time of their clinic visit, the women had their height (cm) and weight (kg) measured using a standometer and standardized balance-beam scale, respectively. Body mass index (BMI) was calculated as weight (kg)/height (m) 2 .
Data analysis
Joints were classified into two groups for analysis. The hand group consisted of the first carpal-metacarpal joint, the first metacarpal-phalangeal joint, the first interphalangeal joint, and the finger joints, which comprise the metacarpal-phalangeal and proximal and distal interphalangeal joints of digits 2-5. Wrist joints were not included, because 15 percent of the joint views were too oblique for evaluation. The knee group included the right and left knee joints. In the statistical analysis, osteoarthritis was defined for each individual according to hand and knee scores as: 1) the highest joint grade, a polytomous outcome (0, 1, 2, 3, 4), or 2) the presence or absence of at least one joint with a grade of s2, a dichotomous outcome (<2 vs. ^2). We chose to consider both outcome measures, since both are commonly used. Population studies have tended to use a continuous scale, and in clinical settings a diagnosis of osteoarthritis is supported by a joint grade greater than or equal to 2.
Univariate statistics were calculated for continuous variables, and frequency tables were developed for categorical variables. Logistic regression analysis was undertaken to assess the relation between osteoarthritis for each joint group and each definition of osteoarthritis and the independent variables (10). For this analyses, we defined a simple logistic regression model as one that had only one independent variable and a multivariable model as one that had two or more independent variables. The independent factors available for inclusion in the models were: age (years), weight (kg), height (cm), BMI, BMD (dg/cm 2 ), estradiol level (pg/ml), testosterone level (ng/ml), menopausal status, activity level, smoking, blood pressure status, and alcohol consumption. Continuous independent variables found to be significantly associated with osteoarthritis were then examined for a linear association. This was done by dividing the significant independent variable into 10 equal groups based on 10th percentile marks. The association of these groups with osteoarthritis was then examined for linearity by plotting the beta coefficient for each group against the mean value for each group. If a nonlinear effect was detected, the variable was categorized and the categorical variable was used in development of the multivariable logistic regression model.
Potential risk factors that were significant in simple logistic regression analysis were included in a multivariable logistic regression model with osteoarthritis (either polytomous or dichotomous characterization) as the dependent variable. We chose to retain variables in the final model that were significant in the simple logistic model even if they were not significant in the multiple logistic model. A variable's remaining significant in the multivariable model would indicate an independent relation between that variable and the outcome variable. Loss of significance of two independent variables when both were included in the model would indicate a highly collinear relation.
Results for independent variables are reported in terms of odds ratios and 95 percent confidence intervals. The odds ratio is the natural logarithm raised to the power of the beta estimate, and a 1-unit change in the independent variable times the beta estimate results in a 1-unit change in the logit of the dependent variable (10) .
Bone density measurements were available from the lumbar vertebrae, femoral neck, and total body. We chose to report only total-body bone density because it was a logical marker of the entire body and it consistently provided a more stable model as assessed by the Akaike Information Criterion (11). Table 1 gives mean values and standard deviations for the characteristics of the population, including age, BMI, bone density, and hormone levels. Table 1 also shows the same information stratified by self-report of injury to the hand or knee. There were no significant differences in these continuous explanatory variables between women who reported injuries and those who did not. However, estradiol tended to be lower in women reporting knee injuries (see table 1). Table 2 shows the distribution of Kellgren/ Lawrence grades for each hand joint when women were stratified into two groups based on self-reported hand injury. No one with severe, grade 4 osteoarthritis was identified. Overall, the prevalence of osteoarthritis (defined as a grade of ^2) was low in this population of women aged 24-45 years, with 2.8 percent of women having hand osteoarthritis and 3.6 percent of women having knee osteoarthritis. Only 1.3 percent of women who were free of hand injury had osteoarthritis (joint grade of 2 or above in any group), while 5.5 percent of women reporting a hand injury were classified as having osteoarthritis. This difference, as ascertained by Student's t test, was statistically significant atp < 0.01.
RESULTS
The prevalence of osteoarthritis of the knee is shown in table 3. Prevalence is reported according to the presence or absence of self-reported knee injury. No one with severe, grade 4 osteoarthritis was identified. As anticipated, a history of knee injury had a significant impact on the prevalence of osteoarthritis of the knee. Only 2.5 percent of women who were free of an injury were classified has having osteoarthritis of the knee, while 8.4 percent of women who reported an injury were so classified. Student's t test indicated this difference to be statistically significant at p < 0.005. Table 4 gives the results of simple logistic regression analysis of the association between single variables and osteoarthritis for the hand and knee, reported as odds ratios and p values. The factors associated with increasing hand joint scores were older age, greater BMI, greater bone density, and increased blood pressure. Lower scores were associated with increasing testosterone levels. The factors associated with hand joint scores of 2 or higher were older age, hand injury, and high alcohol consumption (in comparison with no drinking). Moderate alcohol consumption (compared with no drinking) was associated with a decreased prevalence of hand scores of ^2.
In the knee joints, logistic regression analysis with single explanatory variables showed older age, greater BMI, knee injury, greater bone density, hormone replacement therapy (in comparison with normally menstruating women not on hormone replacement), and higher blood pressure to be associated with increasing osteoarthritis joint scores. Knee injury, greater BMI, greater BMD, and higher blood pressure were associated with knee osteoarthritis defined as grades of ^2. There were no factors associated with a decreased odds ratio for knee osteoarthritis that reached a significance level of p < 0.05.
As table 5 shows, when all significant factors from simple logistic regression were considered simultaneously in a multivariable model, the factors that remained significantly associated with increasing hand scores were older age, greater bone density, and lower serum testosterone levels. Older age and self-reported hand injury were the only variables that remained significantly associated with hand grades of S2. • OR, odds ratio; Cl, confidence interval; HRT, hormone replacement therapy; NC, not calculated, t Weight (kg)/height (m)». X Hormone replacement therapy included women who were still menstruating and those who were not menstruating, i.e., who had undergone hysterectomy or oophorectomy.
§ One cell contained zero.
proportionality used in estimating the model parameters. Knee grades of 2 or higher were associated with knee injury, greater bone density, greater estradiol levels, and membership in the highest quartile of blood pressure values. The model that included BMD but not BMI was statistically equivalent to that which included BMI but not BMD. To determine whether a synergistic relation between BMD and BMI might be operating to produce increased knee scores, we dichotomized the population at the mean value for both BMD and BMI. Women were included in one of four groups: low BMD with low BMI; low BMD with high BMI; high BMD with low BMI; and high BMD with high BMI. These groups were then evaluated for their association with osteoarthritis. Women with low values for both BMD and BMI had the lowest osteoarthritis score, and women who had high values for both BMD and BMI had the highest osteoarthritis score. Women with low BMD but high BMI had scores similar to those of women with high BMD and low BMI (data not shown).
DISCUSSION
Osteoarthritis is a highly prevalent condition among the aged, and several studies have characterized factors associated with osteoarthritis in late middle-aged and elderly populations (12) (13) (14) (15) . However, the risk factors identified in prevalence studies of the elderly may not fully capture factors that precede the development of osteoarthritis, particularly when the risk factor, such as bone density or hormone levels, cannot be recalled by the respondent We found that total-body BMD was associated with a higher osteoarthritis evaluation score for increasing hand and knee scores or the presence of a joint score of 2:2 in the knee, even when BMI was included in the model. The predicted odds ratio was consistent for a high hand score and for both definitions of osteoarthritis in the knee joint. These consistent findings, even in a young population, lend credence to the theory that high density bone may be less likely to deform with impact and ultimately induce articular cartilage damage, an initiating factor in osteoarthritis (16, 17) .
For the knee evaluations, we found that BMI and BMD were both significant in predicting an increase in evaluation score. As expected, when women were dichotomized on the basis of mean values, those with both high BMD and high BMI had high osteoarthritis scores. The women with both low BMD and low BMI had low osteoarthritis scores. Women who were discordant for BMD and BMI had intermediate scores. This would suggest that BMD and BMI may be influencing the development of osteoarthritis through parallel but potentially independent pathways.
We found age to be associated with osteoarthritis in three of our four models in these pre-and perimenopausal women. The odds ratios seem to indicate that age plays a more important role in the development of hand osteoarthritis than in osteoarthritis of the knee. This may be due to knee injury's overshadowing the effects of age in the development of knee osteoarthritis in these young women.
Injury had a significant effect on the prevalence of osteoarthritis in this population. We had no way to evaluate the nature or degree of hand or knee trauma with these self-reported injuries, yet women with a hand injury had 4.2 times the prevalence of hand osteoarthritis as women without hand injury, and women reporting a knee injury had 3.4 times the prevalence of knee osteoarthritis as women without knee injury. This indicates a substantial role for injury, even in a population with low prevalence, when damage to the articular surface of the joint and the surrounding connective tissue may occur. None of the variables that were examined for association with osteoarthritis were significantly associated with injury. There exists the possibility that an unmeasured factor, such as dysplastic joints or vocational/avocational activities, is placing women at greater risk for injury and the subsequent development of osteoarthritis (18, 19) .
Traditionally, the hormonal etiology theory for arthritis has focused on reproductive hormones, especially estrogen. A role for sex hormones in the development of osteoarthritis has been suggested (20, 21) , based on the increasing rate of osteoarthritis during or soon after the menopause. We found decreased testosterone levels to be associated with increasing hand scores but not with knee scores. Estradiol levels had no significant association with hand or knee scores when other variables were considered in a multivariable model. While the presence of ovarian function may have a protective effect against osteoarthritis, our single hormone assessments in this pre-and perimenopausal group of women may have been inadequate to detect gradations in the hormonal environment that might prevent the development of osteoarthritis. Current use of hormone replacement therapy, including use among women with oophorectomy and hysterectomy, was significantly associated with increased knee scores. These results are similar to those of Spector et al. (22) .
Hormones other than ovarian hormones have been examined for a role in the pathogenesis of osteoarthritis. These include insulin, insulin-like growth factor 1, and growth hormone. Denko et al. (23) found increased levels of insulin and growth hormone and decreased levels of insulin-like growth factor 1 to be associated with osteoarthritis. However, this finding has not been consistently reported (24) (25) (26) . Data on levels of these hormones are not yet available for evaluation with osteoarthritis in this population.
We found women in the upper quartile of systolic blood pressure to be at significantly increased risk for hand and knee osteoarthritis in single variable logistic regression analysis, and blood pressure status was found to be significant in the full model for joint grades of 2 or higher in the knees. However, the cutpoint used in the analysis is considered to be in the normal range for systolic blood pressure. We will reexamine this finding in the longitudinal portion of this study to determine whether it is consistent. Other studies have also observed a relation with hypertension (9, 26) .
In this population, a negative association between smoking and osteoarthritis was suggested but failed to reach the specified significance level. Smoking has been reported to show a negative association with osteoarthritis in the Framingham Study (28) and in a similar but unpublished finding in the elderly population of the Tecumseh Community Health Study. Etiologically, smoking status might be protective, because smokers have less total body mass and would tend to have less bone density (29) . It has also been reported that premenopausal women who smoked had a higher waist: hip ratio (30) . This differing fat distribution may indicate subtle changes in hormone relations-i.e., the estrogen : testosterone ratio or insulin levels-that may also be affecting the development of osteoarthritis through bone density. Our failure to find a significant protective association between smoking and osteoarthritis in this population may be due to other factors' being more important in pre-and perimenopausal women or to the relatively low prevalence of smoking in this population. Likewise, the lack of association may be a function of the relatively low frequency of osteoarthritis occurrence in this population. Smoking may, however, become significant as more of these women become postmenopausal.
A role for physical activity, especially moderate exercise, in the development of osteoarthritis has not been well defined (31) . High-impact exercise may increase the development of osteoarthritis by inducing severe cartilage damage or joint instability (32) . Selfreported physical activity level was not found to be significantly associated with any of our measures of osteoarthritis, although there was a slight association between activity level and self-reported knee injury (p -0.04). This suggests that physical activity may be mediating the development of osteoarthritis through injury.
In this paper, we have reported the baseline prevalence of osteoarthritis of the hand and knee in a preand perimenopausal population of women. We have also reported a significant association between increased bone density and both hand and knee osteoarthritis and a slight negative association between serum testosterone levels and osteoarthritis. These associations support the hypotheses that bone density and sex hormone status are important in the pathogenesis of osteoarthritis. We would expect other factors not significantly associated with osteoarthritis in this low-prevalence population to become significantly associated as the prevalence increases. The planned subsequent evaluations of these women as they age and become postmenopausal and their prevalence of osteoarthritis rises may provide clearer evidence for the role of these factors in the etiology of osteoarthritis.
